Inspired by the present experimental status of charmed-strange mesons, we perform a systematic study of the charmed-strange meson family, in which we calculate the mass spectra of the charmed-strange meson family by taking a screening effect into account in the Godfrey-Isgur model and investigate the corresponding strong decays via the quark pair creation model. These phenomenological analyses of charmed-strange mesons not only shed light on the features of the observed charmed-strange states, but also provide important information on future experimental search for the missing higher radial and orbital excitations in the charmed-strange meson family, which will be valuable task in LHCb, forthcoming BelleII and PANDA.
I. INTRODUCTION
As experiments has largely progressed in the past decade, more and more charmed-strange states have been reported [1] . Facing the abundant experimental observations, we need to provide an answer, as one crucial task, to the question whether these states can be identified in the charmed-strange meson family, which is not only a valuable research topic relevant to the underlying structure of the newly observed charmedstrange states, but is also helpful to establish the charmedstrange meson family step by step.
It is a suitable time to give a systematic study of the charmed-strange meson family, which includes two main topics, i.e., the mass spectrum and strong decay behavior. At present, we have abundant experimental information of charmed-strange states, which can be combined with the theoretical results to carry out the corresponding phenomenological study.
As the first key step of whole study of the charmed-strange meson family, the investigation of the mass spectrum of charmed-strange mesons should reflect how a charm quark interacts with a strange antiquark. Godfrey and Isgur proposed the so-called Godfrey-Isgur (GI) model to describe the interaction between q andq quarks inside of mesons [2] some thirty years ago. Although the GI model has achieved a great success in reproducing/predicting the low lying mesons, there exist some difficulties when reproducing the masses of higher radial and orbital excitations, which is because the GI model is a typical quenched model. A typical example of this defect appears in the low mass puzzle of D D s1 (2460) [4] [5] [6] [7] , where the observed masses of D * s0 (2317) and D s1 (2460) are far lower than the corresponding results calculated using the GI model. A common feature of higher excitations is that they are near the thresholds of meson pairs, which can interact with these higher excitations with the OZIallowed couplings. Hence, it is unsuitable to use the quenched GI model to describe the mass spectrum of a higher excitated meson and alternatively, we need to adopt an unquenched model. Although there have been a couple of works studying the heavy-light systems including charmed-strange mesons together with their decay modes [8] [9] [10] [11] [12] [13] [14] [15] , in this work, we would like to modify the GI model such that the screening effect is introduced to reflect the unquenched pecularity. In the following section, we present a detailed introduction of the modified GI model.
In this work, we revisit the mass spectrum of the charmedstrange meson to apply the modified GI model , and compare our results with those of the former GI model and experimental data. We would like to see whether this treatment improves the description of the charmed-strange meson spectrum to make the modified GI model reliable. We try further to obtain information of wave functions of charmed-strange mesons, which is important as an input in calculating the decay behavior of the two-body OZI-allowed decay of charmedstrange mesons.
Together with the study of the mass spectrum of charmedstrange mesons, it is a valuable information of the property of charmed-strange mesons to investigate the decay behavior of charmed-strange mesons. We will adopt the quark pair creation (QPC) model [16] [17] [18] [19] [20] [21] [22] to calculate the two-body OZI-allowed decay of charmed-strange mesons, where the corresponding partial and total decay widths are calculated. Through this study, we can further test different possible assignments to the observed charmed-strange states. In addition, we can predict the decay behavior of their partners, which are still missing in experiment. This information is important for experimentalists to further search for these missing charmedstrange mesons, which will be a main task in future experi-ment.
This work is organized as follows. After Introduction, we will briefly review the research status of the observed charmed-strange states in Sec. II. In Sec. III, the GI model is briefly introduced and we give the detailed illustration of how to modify the GI model by introducing the screening effect. The mass spectrum of charmed-strange mesons together with wave fucntions is calculated using the modified GI model. Furthermore, the comparison of our results with experimental data and those from the former GI model is given here. With these preparations, in Sec. IV we further study the twobody OZI-allowed strong decay behaviors of charmed-strange mesons through the QPC model, where the QPC model is briefly introduced. Next, we perform the phenomenological analysis by combining our results with the experimental data. The paper ends with a summary in Sec. V.
II. CONCISE REVIEW OF THE OBSERVED CHARMED-STRANGE STATES
In this section, we briefly review the experimental and theoretical status on charmed-strange mesons. First, in Table I we collect the experimental information of the observed charmedstrange states, which include resonance parameters and the corresponding experiments. Since D ± s and D * ± s have beeen established to be 1S cs mesons, our review mainly focuses on possible candidates of higher radial and orbital excitations in the charmed-strange meson family. As a charmed-strange meson with J P = 1 + , D s1 (2536) was first observed in 1987 by analyzing the D * s γ invariant mass spectrum of theνN scattering process [23] , where the measured mass is (2535 ± 28) MeV. Later, the ARGUS Collaboration observed this state in the D * + K 0 final state, where its mass and width are M = (2536 ± 0.6 ± 2.0) MeV and Γ < 4.6 MeV [24] l, respectively. Since there does not exist the D s1 (2536) signal in the D + K 0 invariant mass spectrum, D s1 (2536) has an unnatural spin-parity [24] . In 1993, the CLEO Collaboration measured the ratio of
The D s1 (2536) has been confirmed by other groups in different channels [26] [27] [28] [29] [30] [31] [32] [33] [34] . The BaBar Collaboration reported this state in the D [35] , where the ratio B(D
27 ± 0.18 ± 0.37)% was obtained. In addition, the measurement of the angular distribution of the D s1 (2536)
The mass value and narrow width of D s1 (2536) are consistent with the theoretical expectation of the charmed strange meson as
In 1994, the CLEO Collaboration observed a charmedstrange meson D * s2 (2573) in the D 0 K + invariant mass spectrum [37] , where the measured resonance parameters are M = (2573 +1.7 −1.6 ±0.8±0.5) MeV and Γ = (16 +5 −4 ±3) MeV. In addition, an upper limit of the following ratio was given [4] . In addition, the ratio
was obtained in Ref. [4] while the Belle and BaBar collaborations gave the upper bound of this ratio as 0.18 and 0.16, respectively [5, 6] . The D s1 (2460) was also confirmed by the Belle and BaBar collaborations [5] [6] [7] . If assigning D * s0 (2317) and D s1 (2460) as charmed-strange mesons with quantum numbers J P = 0 + and J P = 1 + , respectively, there exists the low mass puzzle for D * s0 (2317) and D s1 (2460), i.e., the theoretical masses of charmed-strange mesons with 0 + and 1 + are 2.48 GeV and 2.53 GeV, respectively, predicted by the old but successful model proposed in Refs. [2, 36] , which values are far larger than the corresponding experimental data. These peculiarities have also stimulated theorists' extensive interest in exploring their inner structures and the exotic state explanations to D * s0 (2317) and D s1 (2460) were especially proposed in Refs. [43] [44] [45] .
Since D In 2006, the BaBar Collaboration observed a broad structure in the DK invariant mass spectrum, which was named as D * s1 (2700) [39] and the mass and width are M = (2688 ± 4 ± 3) MeV and Γ = (112 ± 7 ± 36) MeV, respectively. Later, D * s1 (2700) was confirmed by the Belle Collaboration in the DK invariant mass spectrum of B →D 0 {D 0 K + } process [49] . The angular momentum and parity of D * s1 (2700) are determined to be J = 1 and P = − by the helicity angle distribution and by its decay to two pseudoscalar mesons, respectively. The Babar Collaboration reported the D * K decay mode of D s1 (2700) in Ref. [50] , and obtained a ratio of
In 2012, the LHCb Collaboration also observed D * s1 (2700) in the DK mass spectrum [51] .
As a vector charmed-strange state, the measured mass of D * s1 (2700) is close to the prediction of the 2 3 S 1 charmedstrange meson [2] . The strong decay behavior of a cs state of 2 3 S 1 is investigated using the QPC model in Ref. [52] .
(2700) → DK) evaluated by the effective Lagrangian approach, however, favors the 2 1 S 0 assignment for D * s1 (2700) [53] . Besides the decay behavior, the production of D * s1 (2700) from the B meson decay was calculated by a naive factorization method, which shows that D * s1 (2700) could be explained as the first radial excitation of D * s (2112) [54] .
In Refs. [55, 56] 
Before the measurement by the LHCb Collaboration, the properties of D * sJ (2860) have been widely discussed. The possibility of D * sJ (2860) as the first radial excitation of D * s0 (2317) has been ruled out due to the observation of D *
. According to the calculation by the QPC model [52] , the Regge phenomenology [60] , chiral quark model [59] , and the flux tube model [64] (2860) were evaluated by the QPC model [66, 68] , which show that these states can be good candidates of the 1D states in the charmed-strange meson family. By using the QCD Sum Rule, the masses of 1D charmed-strange mesons were calculated in Ref. [69] , which also supports the explanation of the 1D charmed-strange mesons. In addition, another study of the decay behaviors of theses states were performed in Ref. [67] , where the effective Lagrangian approach was adopted.
Before closing the review of D * sJ (2860), D * s1 (2860) and D * s3 (2860), we need to comment on the measurement of the ratio in Eq. (5). Since the new measurement by LHCb [62, 63] is given, thid ratio must be changed according to which state is assigned to D * sJ in both denomenator and numerator. Thus, we do not suggest to adopt the old data of this ratio in Eq. (5) when checking the theoretical result. We also expect new measurement of this ratio when considering the LHCb results [62, 63] , which will be helpful to pin down the different explanations. The observed mass of D sJ (3040) and its unnatural parity are consistent with the quark model prediction for 2 3 P 1 charmed strange meson [2] , which is the first radial excitation of D s1 (2460). The calculations in the QPC model also support that D sJ (3040) can be categorized as 1 + state in a (0 + , 1 + ) spin doublet [70] of the heavy quark symmetry. In addition, the calculations in the flux tube model [64] , the constitute quark model [57, 58] and the effective approach [71] also indicate that a possibility of a D sJ (3040) as a 1 + charmed-strange meson can not be ruled out. References [72, 73] calculated the decay width of D sJ (3040) as n(J P ) = 3(1 + ) or 4(1 + ) state, which is rather large but still compatible with the experimental data. Besides J P = 1 + assignment to D sJ (3040), the possibility that D sJ (3040) as a mixture of 1 3 D 2 and 1 1 D 2 charmedstrange mesons was discussed with an effective Lagrangian approach [71] .
As can be seen in the above review of status of the observed charmed-strange states, we notice that more and more candidates of higher radial and orbital charmed-strange mesons were reported in the past decade. It is a good opportunity to carry out the systematic study of charmed-strange mesons now, which will deepen our understanding of the charmedstrange meson family and will provide more abundant information for experimentalists to further search for higher radial and orbital charmed-strange mesons in future experiment.
In the following sections, we start to investigate charmedstrange mesons on their mass spectrum and two-body OZIallowed decay behaviors.
III. MASS SPECTRA
In this work, we employ the modified relativistic quark model to calculate the mass spectra and wave functions of charmed-strange mesons because owing to the peculiarity of charmed-strange mesons, relativistic effects and unquenched effects cannot be ignored. In 1985, Godfrey and Isgur proposed the GI model to describe the meson spectra with a great success, especially for the low lying mesons [2] and later Godfrey and Kokoski studied P-wave heavy-light systems [36] . Since a coupled-channel effect becomes more important for higher radial and orbital excitations, we need to include this effect in calculating the mass spectrum, which motivates us to modify the GI model by introducing the screened potential, which is partly equivalent description to the coupled-channel effect [74] .
In the following, we first give a brief review of the GI model and then present how to introduce the screened potential.
A. Brief review of the Godfrey-Isgur model
The interaction between quark and antiquark of the GI model [2] is described by the Hamiltoniañ
where V eff (p, r) =H conf +H hyp +H SO is the effective potential of theinteraction. V eff (p, r) contains two main ingredients. The first one is a short-distance γ µ ⊗ γ µ interaction of onegluon-exchange and the second is a long-distance 1 ⊗ 1 linear confining interaction which is at first employed byt the Cornell group and is suggested by the lattice QCD. This effective potential can be obtained by on-shellscattering amplitudes in the center-of-mass (CM) frame [2] .
In the nonrelativistic limit, V eff (p, r) is tansformed into the standard nonrelativistic potential V eff (r).
with
where H conf is the spin-independent potential and contains a constant term, a linear confining potential and a one-gluon exchange potential. The subscripts 1 and 2 denote quark and antiquark, respectively. The second term of r.h.s. of Eq. (11) is the color-hyperfine interaction, i.e.,
The third term of r.h.s. of Eq. (11) is the spin-orbit interaction,
Here, H SO(cm) is the color-magnetic term and H SO(tp) is the Thomas-precession term, i.e.,
In the above expressions, S 1 /S 2 denotes the spin of the quark/antiquark and L is the orbital momentum between quark and antiquark. F is related to the Gell-Mann matrix by
The GI model constructed by Godfrey and Isgur is a relativized quark model, where relativistic effects are embeded into the model mainly in two ways.
Firstly, a smearing function ρ 12 (r − r ) is introduced to incorporate effects of an internal motion inside a hadron and nonlocality of interactions between quark and antiquark. A general form is given bỹ
, where σ 0 = 1.80 GeV and s = 1.55 are the universal parameters in the GI model, m 1 and m 2 are masses of quark and antiquark, respectively. If m 1 = m 2 and both of them become large, σ 12 also becomes large and ρ 12 (r−r ) → δ 3 (r−r ) and hence this smearing is effective for a heavy quarkonium because the second term becomes (sm 1 ) 2 . If m 2 >> m 1 , σ 12 gets its minimum and suitable for describing a heavy-light system like the charmed-strange mesons.
Secondly, a general formula of the potential should depend on the CM momentum of the interacting quarks. This effect is taken into account by introducing momentum-dependent factors in the interactions and the factors will go to unity in the nonrelativistic limit. In a semiquantitatively relativistic treatment, the smeared Coulomb termG(r) and the smeared hyperfine interactionsṼ i should be modified according to,
where E 1 and E 2 are the energes of the quark and antiquark in the meson, i 's are expected to be small numbers for a different type of hyperfine interactions, i.e., the contract, tensor, vector spin-orbit and scalar spin-orbit potentials, into whichṼ i (r) are classified. The particular values of i and other parameters are given in Table II of Ref. [2] . Diagonalizing the Hamiltonian given by Eq. (10) by a simple harmonic oscillator (SHO) basis and using a variational method, we get the mass spectrum and wave function of a meson. More details of the GI model can be found in Appendices of Ref. [2] .
B. Modified GI model with the screening effect
Although the GI model has achieved a great success in describing the meson spectrum [2] , there still exists discrepancy between the predictions given by the GI model and recent new experimental observations. A typical example is that the masses of the observed D s0 (2317) [3] [4] [5] [6] , D s1 (2460) [4] [5] [6] [7] and X(3872) [76] deviate from the corresponding values expected by the GI model [2] . Later, theorists realized that these discrepancies are partly caused by coupled channel effects [46] [47] [48] 77] . Furthermore, another remedy can be made to adjust masses by screening the color charges at distances greater than about 1 fm [78] which spontaneously creates light quarkantiquark pairs. The screening effect has been confirmed by unquenched Lattice QCD and some holographic models [79] [80] [81] [82] .
There were several progresses on the study of the meson mass spectrum by considering the screening effect [83, 84] . In Ref. [83] , the authors adopted the screened potential to compute the charmonium spectrum [74] . Mezzoir et al. in [84] carried out the investigation of highly excited light unflavored mesons by flattening the linear potential br above a certain saturation distance r s . However, the study of a screening effect for a heavy-light meson system is still absent at present, which is the reason why we introduce the screening effect into the GI model in this work.
In order to take into account the screening effect, we need to make a replacement in Eq. (12) [85, 86] as
where V scr (r) behaves like a linear potential br at short distances and approaches to b µ at long distances. Then, we further modify V scr (r) as the way given in Eq. (17),
By inserting Eq. (18) into the above expression, the concrete expression forṼ scr (r) is given bỹ
whereṼ(r) is given in the footnote in this page and σ = σ 12 given by Eq. (18). In Fig. 1 , we compare the r dependence of ourṼ scr (r), usual linear potential V(r) = br andṼ(r) = d 3 r ρ 12 (r − r )br 1 . While behaviors ofṼ scr (r) andṼ(r) are similar to each other at small distances, there exists difference between V(r) = br and smearedṼ(r) reflecting the relativistic effect. There is obvious difference betweenṼ scr (r) andṼ(r) at large distances due to the screening effect. Comparing a heavy-light system with a heavy quarkonium, a velocity of a light quark in the heavy light meson is much larger than that of a heavy quark in the quarkonium and in addition, a radius of the heavy light meson is also larger than the heavy quarkonium. These facts indicate that we need to consider the relativistic and screening effects when studying the mass spectra of higher radial and orbital excitations of charmed-strange mesons. Furthermore, adjusting µ is to control the power of screening effect.
FIG. 1: (color online
). The r dependence ofṼ scr (r), V(r) = br and V(r) = d 3 r ρ 12 (r − r )br . Here, we take two values µ = 0.02 GeV and µ = 0.05 GeV to showṼ scr (r). Other parameters involved inṼ scr (r), V(r) = br andṼ(r) are m s = 1.628 GeV, m c = 0.419 GeV, σ 0 = 1.80 GeV and s = 1.
C. Numerical results
In the following, we present numerical results of the mass spectrum of the charmed-strange meson family. In Table II , the masses of the charmed-strange mesons are listed using the GI model [2] and our modified GI model, where we take several µ values inṼ scr (r) to show µ dependency of our model. Apart from µ, other parameters appearing in our calculation are taken from Ref. [2] , with which we can, of course, reproduce the masses obtained in Refs. [2, 75] . In Table II , we also 1 The concrete expression forṼ(r) is given in Ref. [2] as 
by the GI model. Here, we take µ = 0.01, 0.02, 0.03, and 0.04 GeV to show the results with the modified GI model. The values in brackets are the obtained R = 1/β and n denotes the radial quantum number. We emphasize that we do not consider the mixing among states with the same quantum number when presenting the results in this Table. µ is in units of GeV, while R is units of GeV −1 .
GI model [2, 75] Modified GI model give the R = 1/β values corresponding to charmed-strange mesons, where the R value can be obtained by the relation
The r.h.s of Eq. (24) is the root mean square momentum, which can be directly calculated through the GI model or the modified GI model. The l.h.s of Eq. (24) is a definition of the root mean square momentum when adopting the SHO wave function. Here, in the momentum space the SHO wave function is expressed as with the radial wave function
where L L+1/2 n (p 2 /β 2 ) is an associated Laguerre polynomial with the oscillator parameter β. In the configuration space the SHO wave function is given by
where the radial wave function is defined as
. (28) The β is the parameter appearing in the SHO radial wave function given in Eq. (26) , which is determined by the above procedure.
In Table III , we further compare the calculated results with the experimental data. Illustrating further a suitable µ value introduced in the modified GI model, we also list the χ 2 values for the GI model and the modified GI model, where χ 2 is defined as
where A Th (i) and A Exp (i) are theoretical and experimental values. Error(i) is the experimental error listed in Table III . In Table III , the values of χ 2 are calculated without the contributions from D s0 (2317) and D s1 (2460). Comparing the χ 2 values for different cases, we find that the modified GI model can well describe the experiments when µ = 0.02 GeV and that the description of the observed charmed-strange spectrum can be obvisously improved by the modified GI model with the screening effect. One can clearly see the trend of decreasing masses with increasing µ from Table III. In Fig. 2 , we further list the results obtained by the modified GI model (µ = 0.02 GeV) and make a comparison with the GI model and experimental data. As for D s , D * s , D s1 (2536), D * s2 (2573), D * s1 (2700) and the newly observed D * s1 (2860), the mass differences between the experimental data and our theoretical results are less than 10 MeV. While the theoretical mass of D * sJ (2860) is about 20 MeV lower than the experimental value, we notice that the experimental masses of D * s0 (2317) and D s1 (2460) can not be reproduced by the modified GI model. This discrepancy is caused by the near-threshold ef-fect which is ignored in the screening effect [74] . In general, the comparison of 10 experimental data with our calculated results indicates that the modified GI model is more suitable to describe the experimental data, especially to higher charmedstrange mesons.
We should emphasize that the n 1 P 1 − n 3 P 1 and n 1 D 2 − n 3 D 2 mixtures with n = 1, 2 are included in the corresponding calculations listed in Table III and Fig. 2 , which is different form the situation in Table II since we need to compare theoretical results with the experimental data.
IV. TWO-BODY OZI-ALLOWED STRONG DECAYS
In addition to the mass spectrum, the decay properties are also crucial features of mesons. The quarks pair creation (QPC) model is successful to calculate Okubo-Zweig-Iizuka (OZI) allowed strong decays of mesons. Here, we firstly give a brief introduction to the QPC model.
A. Brief introduction to the QPC model
The QPC model was proposed by Micu [16] and developed by the Orsay group [17] [18] [19] [20] [21] [22] . It assumes that meson decay occurs through a flavor-singlet and color-singlet quark-antiquark pair created from the vacuum. The transition operator T can be expressed as T = −3γ m 1m; 1 − m|00 dp 3 dp 4 δ 3 (p 3 + p 4 )
where p 3 and p 4 denote the momenta of quark and antiquark created from the vacuum, respectively. γ is the parameter which describes the strength of the creation of quarkantiquark pair. By comparing the experimental widths with theoretical ones of 16 famous decay channels, γ = 8.7 is obtained for the uū/dd pair creation [87] . For the ss pair creation, we take γ = 8.7/ √ 3 [17] . φ 2 ) indicates that the angular momentum of the quark-antiquark pair is L = 1. The χ 34 1,−m means that the total spin angular momentum of the quark-antiquark pair is S = 1. Finally, the quantum number of the quark-antiquark pair is contained as J PC = 0 ++ through coupling of the angular momentum with the spin angular momentum. The transition matrix of meson A decaying into mesons B and C in the A rest frame is defined as
p B and p C are the momenta of mesons B and C, respectively. |A , |B and |C denote the mock states [88] . Taking a meson A as an example, we illustrate the definition of a mock state, i.e.,
A dp 1 dp 2 δ 
Finally, the decay width can be expressed as
We would like to emphasize the improvement of the present work compared with the former works in Refs. [52, 66, 70] . In Refs. [52, 66, 70] , authors adopted the SHO wave function to describe a spacial wave function of charmed and charmedstrange mesons, where the β value in the SHO wave function is determined by Eq. (24) . This treatment is an approximation for simplifying the calculation since the SHO wave function Ψ SHO nLM L (p) is slightly different from the wave function Φ(p) in Eq. (24) . In this work, for the charmed-strange meson A involved in our calculation, we use the numerical wave function directly obtained as an eigenfunction of the modified GI model, which can avoid the uncertainty from the treatment in Eq. (24) . For the mesons B and C in the discussed process, we still adopt the SHO wave function, where the corresponding β was calculated in Ref. [36] .
In the following concrete calculation, the mass is taken from PDG [1] if there exists the corresponding experimental observation of a charmed-strange meson. If the discussed charmed-strange meson is still missing, we adopt the theoretical prediction from the modified GI model (the results listed in Fig. 2) as the input.
B. Phenomenological analysis of strong decay
In this subsection, we carry out the phenomenological analysis of the strong decays of charmed-strange mesons by combining our theoretical results with the corresponding experimental data. Fig.  3 [90] .
For calculating these decays, we need the Lagrangian including the η − π 0 mixing, which can be expressed as [91] 
where m q is a light quark mass matrix, ξ = exp(iπ/f π ) andπ is a light meson octet. 
where decay amplitude M JL (D * s0 (2317) → D s η) can be calculated by the QPC model. The isospin-violating factor δ π 0 η is due to the η − π mixing, i.e., [97] 
Adopting the similar treatment, we can derive the formula of
Here, D s1 (2460) with J P = 1 + is the mixture between 1 1 P 1 and 1 3 P 1 states, which satisfies the relation
where the mixing angle θ 1P = − 54.7 • is obtained in the heavy quark limit [36, 98, 99] . Table IV . We also compare our results with other theoretical predictions from different groups [10, 14, 44, 90, [92] [93] [94] [95] [96] . Especially, we notice that our results are consistent with the corresponding values given in Ref. [93] . The equality of these two decay widths predicted in Ref. [14] in the heavy quark limit is well satisfied in our case, too.
D s1 (2536) with J P = 1 + is the orthogonal partner of D s1 (2460) as shown in Eq. (38) . The D * K channel is its only OZI allowed decay mode. In Fig. 4 , we present the dependence of the partial decay width of D s1 (2536) → D * K on θ 1P , which covers the typical value θ 1P = − 54.7 • given in the heavy quark limit [36, 98, 99] . We notice that our result is consistent with the experimental data Γ = 0.92 ± 0.05 MeV [33] and Γ = 0.75 ± 0.23 MeV [34] , when the mixing angle is around θ 1p = − 52.3 • and θ 1p = −53.1 • , respectively, which are close to θ 1p = − 54.7 • of the heavy quark limit. In the heavy quark limit, the decay of D s1 (2536) into D * K can occur only via a D wave because of the conservation of light degree of freedom and hence the decay width is expected to be small as shown in Fig. 4 . That is, because the experimental mixing angle is very close to the one of the heavy quark limit, it is a model independent result that D s1 (2536) and D * K almost exactly decouples with each other, which has been discussed in Refs. [36, 100] V: Calculated partial decay widths of the OZI-allowed strong decays of 2S , 1D, 3S , and 2P charmed-strange mesons. Units are in MeV. Here, forbidden decay channels are marked by -and channels marked by are the OZI-allowed modes, which are discussed in consideration of the mixing angle dependence. 
14 - [38] given by the ARGUS collaboration and LHCb collaboration, respectively. In addition, the branching ratio
is also measured by the CLEO collaboration [37] . In this work, we obtain B(
106 consistent with the present experimental measurement [37] . This value is also close to the one, 0.076, predicted in Ref. [14] .
2S and 1D states
Since there is no candidate for 2 1 S 0 charmed-strange meson observed in experiment, we adopt the theoretical value calculatded by the modified GI model as an input, i.e., 2646 MeV. As shown in Table V 
where θ S D denotes a mixing angle describing an admixture of D s (2 3 S 1 ) and D s (1 3 D 1 ).
The θ S D dependence of the total and partial decay widths of D * s1 (2700) is shown in the Fig. 5 . Its main decay modes are DK and D * K, both of which were observed in experiments. To compare our results with the experimental data, we take the BaBar's measurement in Ref. [50] since the width Γ = (149 ± 7 +39 −52 ) MeV together with the ratio listed in Eq. (4) were given [50] . As shown in Fig. 5 , there exists the common θ S D range, 6.8 • − 11.2
• , in which both of the calculated width and ratio of D * s1 (2700) [50] can overlap with the experimental data. This small θ S D value is consistent with the estimate of θ S D in Ref. [2] .
As for the D * s1 (2860) with J P = 1 − recently observed by the LHCb collaboration [62, 63] which is considered to be a partner of D * s1 (2700), the θ S D dependence of the decay behavior is depicted in Fig. 6 . If taking 6.8 • − 11.2
• for the range of θ S D obtained in the study of D * s1 (2700), we find that the obtained total decay width of D * s1 (2860) can reach up to ∼ 300 MeV which is comparable with the LHCb data [62, 63] following relation
where θ 1D is a mixing angle. In the heavy quark limit, we can fix the mixing angle θ 1D = −50.8 [36, 75, 98] . Adopting the theoretical prediction of the masses of D s (1D(2 − )) and D s (1D (2 − )) as input, we list their allowed decay channels in Table V . The θ 1D dependence of the partial and total decay widths of D s (1D(2 − )) and D s (1D (2 − )) is given in Fig. 7 . When taking the limit value θ 1D = − 50.8 • [36, 75, 98] , we conclude that the main decay modes of FIG. 7 
is obtained. We suggest to do a more precise measurement of the resonance parameters and the ratio B( Table. II). 
which can be tested by future experiment. The above study shows that D * sJ (3040) is a good candidate of D s (2P(1 + )), which is the first radial excitation of D s1 (2460).
We need to discuss another possible assignment of D * sJ (3040) to D(2P (1 + )) if considering study of only the mass spectrum shown in Fig. 2 because the mass of D * sJ (3040) is very close to the predicted mass of D s (2P (1 + )). Moreover, the total decay width of D s (2P (1 + )) is 131.28 MeV, which is comparable to the lower limit of experimental width of D * sJ (3040) [50] . The predicted ratio is, however,
which is quite different from that given in Eq. (44) . Thus, we suggest to carry out the measurement of the ratio
, which will be helpful to finally identify the inner structure of D * sJ (3040).
3S states
In this subsection, we predict the decay behaviors of two 3S states in the charmed-strange meson family, which are still missing in experiment. As shown in Table V 
As an admixture of 2 1 D 2 and 2 3 D 2 states, D s (2D(2 − )) and D s (2D (2 − )) satisfy the following relation
where the mixing angle can be fixed as θ 2D = −50.8 • in the heavy quark limit [36, 75, 98] 
is predicted via the QPC model. 
The D s (1F(3 + )) and D s (1F (3 + )) satisfy
where θ 1F is the mixing angle, which can be determined as θ 1F = −49.1 • = − arcsin(2/ √ 7) in the heavy quark limit [36, 98] . In Table VII 
and
which can be tested in future experiment.
V. SUMMARY
In the paste decade, more and more charmed-strange states have been reported by different experiments, which are collected in Table I . The present status of these observed charmed-strange states has stimulated us to revisit the charmed-strange meson family and to systemically carry out the study of their mass spectra and two-body OZI-allowed strong decays.
In this work, we have adopted the modified GI model to get the mass spectra of charmed-strange meson family, where the screening effect partly reflecting the unquenched effect is considered in our calculation. Comparing the theoretical results with the experimental data, we can roughly obtain the properties of the observed charmed-strange mesons. In addition, we have also predicted the masses of the higher radial and orbital excitations in the charmed-strange meson family. This information is important in searching for these missing higher charmed-strange mesons in future experiment. Besides the mass information, in our calculation we have obtained the numerical results of the spatial wave functions of the discussed charmed-strange mesons, which are applied to calculate their two-body OZI-allowed strong decays.
To obtain the decay behaviors of the discussed charmedstrange mesons, we have adopted the QPC model in this work, where the 1P, 2P, 1D, 2S , 2D, 3S , and 1F states in the charmed-strange meson family are involved. The study of their strong decay behaviors further test the possible assignments to the observed states, where a phenomenological analysis is performed. As for the higher charmed-strange mesons absent in experiment, we have predicted their partial and total decay widths, and some typical decay ratios, which is valuable for experimental study of these states.
Since 2003, the BaBar, Belle, CLEOc, and LHCb experiments have made a big progress on the search for charmedstrange mesons. In the next ten years, we believe that more candidates of the charmed-strange mesons will be reported with running of the LHC experiment at 14 TeV collision energy, forthcoming BelleII and PANDA. The study presented in this work is helpful to identify these observed charmedstrange states and carry out a search for higher radial and orbital excitations in the charmed-strange meson family.
